The chemically enhanced primary treatment works in Hong Kong will be upgraded for biological nitrogen removal. This study proposed a novel approach to waive the upgrading by urine sourceseparation, onsite nitrification and discharge of nitrified urine into sewers to achieve in-sewer denitrification. Human urine was collected and a lab-scale experiment for full urine nitrification was conducted. The results showed that full nitrification was achieved with alkaline addition. Simulation of nitrified urine discharge into an 8-km pressure main in Hong Kong was conducted with a quasi-2D dynamic sewer model developed from a previously calibrated sewer biofilm model. It was assumed that 70% of the residents' urine was collected and fully nitrified on-site. The simulation results revealed that the proposed approach is effective in removal of nitrogen within the sewer, which decreases ammonia-N at the sewer outlet to a level required for secondary effluent discharge in
INTRODUCTION
Chemically enhanced primary treatment (CEPT) treats more than 50% of sewage in Hong Kong. Although CEPT can remove 80% of suspended solids (SS), only a small fraction of ammonia and soluble organic matter are removed. Hence, upgrade of CEPT works to secondary treatment systems is urgently needed in Hong Kong. This faces two major challenges: (1) no adequate land available and (2) requiring extra carbon for denitrification since most of particulate chemical oxygen demand (COD) is removed by CEPT. Meanwhile, odor problems occur in some force mains and CEPT works in Hong Kong due to seawater toilet flushing, though the problems are trivial compared to 30% water saving from the saline supply (Chen ) . In order to explore a holistic solution for sustainable sewage treatment in Hong Kong, we propose to collect source-separated urine, nitrify it onsite and then discharge to sewers to minimize upgrade requirements and abate sewage odor problems. As over 80% nitrogen of the municipal sewage comes from urine (Fittschen & Hahn ) , various benefits of urine separation have been confirmed, including ability to provide peak shaving and lower flush water requirements (Rossi et al. ) , opportunities for upstream P recovery (Guest et al. ) , lower energy use, and increased capacity of centralized nutrient removal plants (Wilsenach & van Loosdrecht ) . Urine collection could be cost effective in Hong Kong where high-rise buildings dominate the city. Urine treatment can be nitrified to nitrite partly when alkali is not added (Udert et al. a; Wilsenach et al. ) and it is possible to utilize the sewers as active bioreactors (Hvitved-Jacobsen et al. ). Based on these background studies, this paper is to address the following two technical issues: (1) can we achieve full nitrification of collected urine? and (2) how much nitrogen and COD can be removed after nitrified urine is discharged. As an exploratory study, we focus on the possibility of full nitrification of urine in a sequencing batch reactor and feasibility of nitrified-urine-sewer-discharge (NUSD) through sewer process modeling in an ideal case. Many issues still exist such as struvite scaling, odor, acceptance, maintenance, cost and technical reliability and operation of onsite nitrification, phosphorus recovery etc. Part of these will be addressed in separate papers in the future due to page limitations. It is admitted that the technology is still in its infancy and, as more studies and a move to mass production occurs, such issues are likely to, and in many instances are, being resolved (Lienert et al. ; Larsen et al. ) .
METHODS AND MATERIALS

Urine nitrification
An investigation of full urine nitrification was conducted with a lab-scale sequencing batch reactor (SBR) by controlling pH using diluted urine. Urine dilution was initially 12 times with a final dilution of 3.5, representing a dilution close to what may be expected from flushing. The SBR had a working volume of 3 L, an internal diameter of 15 cm, and the exchange ratio was one third. The lab-scale SBR is shown in Figure 1 . The cycle was divided into 10 h aeration, 1.5 h settling and 0.5 h decanting where feeding was divided into three equally spaced periods of 1 h during the aeration period. This feeding strategy ensured minimal inhibitory effects from free nitrous acid (FNA) and free ammonia (FA). The feeding strategy also represents a semi-continuous addition of urine as would occur in an apartment block. 0.75 M Na 2 CO 3 was dosed into the reactor to control the pH between 7.3 and 7.6 after the initial pH decrease. Temperature was controlled at 25 W C whilst aeration was through a porous stone diffuser keeping DO above 1.5 mg/L. The reactor was seeded with activated sludge from a local leachate treatment activated sludge plant, which was then cultivated on a synthetic ammonia solution for three months, with an initial MLSS concentration of 1,240 mg/L. Urine was collected from a group of five students at the Hong Kong University of Science & Technology (HKUST) campus in a portable non-flush toilet. The daily collected urine volume was 0.8-3 L. Urine was collected and stored at room temperature prior to dilution with tap water for use as influent. The chemical composition of the urine was analyzed and shown in Table 1 . Values for total nitrogen (TN) and COD were roughly two thirds of other reported data from European studies (Ciba-Geigy ; Kirchmann & Pettersson ), which may be attributable to the different diet in Hong Kong. Regular analysis of reactor performance was carried out including COD, TN, NH 3 þ NH 4 þ , NO 2 À , NO 3 À , and SS in accordance with the Standard Methods (APHA ). The study was carried out for a period of 90 days.
Sewer modeling
The sewer model was developed from a dynamic sewer biofilm model proposed by Jiang et al. () , because biofilm plays an important role in pollutant transformation in sewers (Chen et al. ) . The previous sewer biofilm model is a one-dimensional model (1D) on the direction vertical to the sewer wall, and capable of simulating the pollutants transformation and transport, oxidation, nitrification, denitrification, sulfate reduction and sulfide oxidation in both the bulk water phase and sewer biofilm.
The 1D sewer biofilm model has been calibrated and validated with typical sewers in Hong Kong (Jiang et al. , ) . To simulate the nitrogen and COD removal along the sewer, the previous sewer biofilm model shall be extended. Hence, a quasi-2D dynamic sewer model was developed. The concept of the quasi-2D sewer model is demonstrated in Figure 2 . The sewer pipe is regarded as a series of biofilm reactors. To simulate the substance transport and dispersion along the sewer direction Equation (1) is applied.
where c is the concentration of a certain substance (g/m 3 ); K x is the dispersion coefficient (m 2 /s); and P ρðcÞ is the source or sink by physical, chemical and biological transformations in the bulk water, and the diffusion flux from or into the biofilm (g/m 3 /s). The equation matrix, P ρðcÞ involves a biochemical process model to describe the pollutant transformations. The biochemical process model is the same as that used in the 1D sewer biofilm model, which is shown in Table 2 . Because of the page limitation, the validated parameters and the notation in Table 2 will not be elaborated in this paper, but can be found in Jiang et al. () . The biochemical kinetic equations developed from the Activated Sludge Model No. 3 (ASM3, Gujer et al. ) are adopted in this study. This is because ASM3 has been approved as capable of simulating sewer processes (Huisman & Gujer ) . Hence, the main process related to nitrogen removal and correspoding carbon oxidation is heterotrophic denitrification, with rate equations similar to those of ASM3, as shown in Table 2 . The stoichiometric parameters in Table 2 as x and y can be calculated from COD and nitrogen balance respectively, using the conservation matrix.
Since the previous sewer biofilm model has been proven to be capable of simulating the pollutant transformation and transport in both sewer biofilm and bulk water phases in a single pipe segment ( Chen ), the proposed quasi-2D sewer model extended from the sewer biofilm model could be a study tool to investigate the impacts of NUSD. In our recent study, the quasi-2D sewer model has been applied in a real pressured sewer in Hong Kong with good simulation results (Chen ) . Hence, the quasi-2D sewer model was applied in this study to investigate the effect of in-sewer denitrification by discharge of the source-separated and nitrified urine to be collected from the residential area.
RESULTS AND DISCUSSION
Urine nitrification
Complete nitrification and high organic removal were achieved in the SBR (Figure 3 ), although initial removal for the first month was slow, possibly due to the biomass having difficulty hydrolyzing the urea. At the final influent concentration (dilution of 3.5 times) 89.2% COD and 99.6% ammonium nitrogen (standard deviations of 1.1% and 0.24%) were removed at a COD and TKN loading rate of 1.2 kg-COD/m 3 /day and 1.1 kg-N/m 3 /day, respectively. These removal efficiencies were calculated from the influent and effluent concentrations of COD and ammonia-N in the final 20 days. During this period there was an average total nitrogen loss of 6.5% across the reactor cycle. Nitrifying biomass reached 9% of the total biomass, determined by OUR batch tests, with an MLSS of 7,600 mg/L maintained by weekly wastage. The reactor sludge formed dense and thick sludge flocs with about 10% granules (approximate diameter 1 mm, Figure 4 ), resulting in an SVI 5 of 40 g/ml. This was an interesting observation as two critical parameters: critical settling velocity and air-flow velocity (Beun et al. ) were well below reported values (0.43 m/h and 0.11 m/min, respectively). Further study on the formation mechanism is underway.
In the study urine provided only 41.2% of the alkalinity required for complete nitrification, less than the theoretical value of 50% (Udert et al. b) . This may be attributable to the maintenance of a pH above 7.3 or to some alkalinity consumption from the conversion of organic acids.
Modeling result
Complementing the successful study of urine nitrification where the nitrogen of the separated urine could be completely converted into NOx-N without inhibition, the discharge of nitrified urine to achieve in-sewer denitrification was simulated. A simulation case study on a district area of 75,000 residents, generating 36,000 m 3 /day sewage, was conducted. The pressure main of 8 km sends the sewage to a CEPT works with a mean HRT in the sewer of around 5 h. Under an assumption of 70% urine collection and full nitrification of collected urine, the total nitrified nitrogen accounts for 56% of the total nitrogen in the sewage, because urine contains 80% of the nitrogen in sewage (Fittschen & Hahn ) . The average influent sewage quality for simulation was proposed, as summarized in Table 3 . These influent pollutant concentrations are the typical values for raw sewage in Hong Kong (Tam et al. ; Chen ) . As this study focused on the nitrogen removal in the sewer, it was assumed that the influent COD concentrations in the sewer were the same with or without urine nitrification. Because the sewage quality varies significantly from daytime to nighttime, a 24-h variation of the influent quality was given based on the typical variation measured in a real sewer of Hong Kong (Chen & Leung ) . The COD fractions and other parameters were the same as that used in the sewer biofilm modeling work (Jiang et al. ) .
Both the pollutant transformation before and after NUSD were simulated and the main simulation results are compared in Figures 5-7 . By averaging the 24-h variation of the influent and effluent NH 3 -N, NOx-N and TN concentrations, the removal efficiencies of nitrogen in the sewer were determined. Compared with the situation without NUSD, the in-sewer N removal efficiency significantly increased after applying NUSD, as shown in Figure 5 . The average ammonium nitrogen level of the sewer effluent decreased to 2.5 mg-N/L. Figure 6 compares the 24-h variations of the effluent NH 3 -N concentration in the sewer with and without NUSD. It shows that most of the NH 3 -N Note: TCOD and SCOD stand for total COD and soluble COD. will be collected and removed from the sewer under urine separation and on-site nitrification. The effluent sewage quality meets the discharge standard of ammonium nitrogen below 5 mg-N/L at all times. Injecting the nitrified urine into the pressured sewer leads to a notable increase in the influent NOx-N concentration in the sewer, as shown in Figure 7 (the long dash line). Under the effect of heterotrophic denitrification in the sewer, 60.8% NOx-N is removed, which results in a TN removal efficiency of 33.7% during the 5-h sewage conveyance in the sewer. The removal rate of nitrogen in this case study is calculated to be 2.7 mg-N/L/h. It should be noted that the predicted nitrogen removal is only attributed to heterotrophic denitrification in the sewer in this study. The potential of autotrophic denitrification by sulfide oxidation could enhance the nitrogen removal rate in sewers. Most of the remaining nitrogen in the sewer effluent was organic nitrogen, especially the particulate organic nitrogen, which could be removed as part of SS by CEPT.
Hence, an integration of urine nitrification, in-sewer treatment and CEPT can provide a space-saving solution for improving the CEPT's effluent quality without upgrading. Since the investment in the separate urine collection can be better staged over time than the construction of a secondary treatment process, a financial advantage could be achieved. The cost estimation for the case will be conducted to investigate the financial feasibility of applying this technique in Hong Kong in our further study.
DISCUSSION
There are three key points of the nitrified-urine-sewerdischarge technique: urine collection, on-site nitrification, and denitrification in sewers. Hong Kong is a densely populated city; hence urine collection will be more efficient than many other countries investigating urine separation, for instance in Europe. At this stage no local acceptance studies have been conducted so no further discussion of urine collection is made in this study. The study shows the sourceseparated urine can be effectively nitrified in a SBR reactor with alkalinity addition. In the future application of NUSD in Hong Kong, on-site urine nitrification could be made in a deep shaft SBR attached to the tall building wall, which would help increase the nitrification efficiency with high pressure and high oxygen transfer rate. This study is currently conducted in our lab, and future results will be reported separately.
In addition to the model results, increases in sewer nitrogen removal could be possible. While the NUSD is found to be able to achieve significant in-sewer nitrogen removal in this study, it is mainly due to the effect of heterotrophic denitrification in this case, because heterotrophic denitrification is the only process for NOx-N reduction in the proposed biochemical model. However, in a saline sewer, such as in Hong Kong, the N removal rate could be enlarged because the NOx-N can be reduced not only by heterotrophic but also autotrophic denitrification. In our up-to-the-minute study, we injected calcium nitrate into a real pressure sewer to a NOx-N level of 10-50 mg-N/L to simulate the effect of NUSD. After the sewer conveyance, it was found that all the NOx-N has been completely removed. The results indicate a maximum nitrogen removal rate of ∼10 mg-N/L/h, which is significantly higher than that estimated in this paper. It is most likely attributed to the simultaneous autotrophic and heterotrophic denitrification in the sewer. It implies that, while the investigated effect of NUSD in this paper is appropriate for the sewer conveying normal municipal sewage, the nitrogen removal rate could be significantly higher for the sewer conveying saline sewage. This interesting finding could promote the application of NUSD in Hong Kong, and will be investigated in the further study.
CONCLUSIONS
Full nitrification of source-separated urine was realized in a lab-scale SBR. Simulation of the discharge of nitrified urine into the pressure main induced effective in-sewer denitrification, enabling the sewage quality at the sewer outlet to satisfy the discharge standard if 70% of the human urine is to be source-separated, collected and nitrified fully on site. This study demonstrated the feasibility and benefits of NUSD on nitrogen removal in a densely populated city like Hong Kong. Under the further studies of urine nitrification in deep shaft SBR and autotrophic and heterotrophic denitrification in saline sewer, urine source separation, nitrification and sewer-discharge would become a promising technology to remove nitrogen in Hong Kong.
